Introduction
Ionizing radiation (IR), at clinically relevant doses, induces cellular responses, including activation of multiple signal transduction pathways. IR has been shown to stimulate the stress-activated protein kinase (SAPK) cascade, which involves certain cytokine receptors (Fuks et al., 1993) , low molecular weight G-proteins, sphingomyelinase with ceramide production (Kolesnick et al., 1994) and activation of the protein kinase cascade including MEKK1, SEK1, and JNK1/2 (c-Jun NH 2 -terminal kinase; Bogoyevich et al., 1996; Mendelson et al., 1996) . JNK1/2 phosphorylates and activates DNA-binding of the immediate early transcription factor c-Jun, and is believed to be responsible in certain cells for the induction of apoptosis. Of equal importance, in determining tumor radio-responsiveness in the clinical application of radiotherapy, is the IR-induced activation of the mitogen-activated protein kinase (MAPK; Stevenson et al., 1994) cascade. Activation of the MAPK cascade in response to growth factors is believed to be in part responsible for the mitogenic/proliferative signaling. This pathway involves the activation of phospholipase Cg (PLCg), the protein kinase C (PKC)/Ras/Raf network, with a commitment to proliferation through activation of MAPK (Dent et al., 1995; Marais et al., 1995; Ghosh et al., 1996) . Presumably, this also applies to the MAPK cascade after exposure of cells to IR.
The proliferative response of cells after single or repeated exposures to IR in the 0.5 ± 5 Gy dose range (Kavanagh et al., 1995) may result in an adaptive response with a stable phenotype of accelerated growth, which has been demonstrated in normal and neoplastic squamous cells (Denekamp, 1973; Kavanagh et al., 1995) . Furthermore, there is evidence from clinical analyses that IR-induced accelerated proliferation occurs in human squamous cell carcinomas undergoing radiotherapy (Withers et al., 1988 (Withers et al., , 1995 .
Research in our laboratory has focused on understanding the mechanisms underlying the IR-induced proliferation response. A typical IR delivery scheme, 60 Gy in 30 daily 2 Gy increments, was employed for in vitro irradiation of MCF-7 estrogen receptor-positive (ER+) mammary carcinoma cells (MCC) which are relatively well characterized with respect to their growth regulation by estradiol and growth factors Lupu et al., 1993; Miller et al., 1994) . The MCF-7 cells surviving this irradiation schedule, identi®ed as MCF-IR-3 cells, demonstrate a phenotype of enhanced autocrine growth regulation with decreased expression of ER, an up-regulation of both epidermal growth factor receptor (EGFR) and its principal ligand transforming growth factor-a; (TGF-a; Schmidt-Ullrich et al., 1992 . As this phenotype is associated with greater radiosensitivity the results suggests that both EGFR and TGFa/EGF represent late response genes.
Previously we demonstrated that IR stimulates EGFR Tyr phosphorylation in MCF-7 and A431 squamous carcinoma cells (SCC; Schmidt-Ullrich et al., 1996) . We have also shown that in MCF-7 and MDA-MB-231 cells IR triggers oscillations in cytosolic free [Ca 2+ ] (Todd and Mikkelsen, 1994 ], and the IR-mediated stimulation of Raf-1 and MAPK activities demonstrating a cell's commitment to proliferation. Finally, we have quanti®ed the IR-induced proliferation response directly using a method developed in our laboratory (Kavanagh et al., 1995) . The dependence of these responses upon EGFR activation was established through their inhibition by the speci®c EGFR kinase inhibitor tyrphostin AG1478 (Fry et al., 1994; Levitzki and Gazit, 1995; Osherov et al., 1993) . Our data demonstrates that IR-induced activation of PLC and the MAPK cascade, and IR-induced proliferation, are dependent upon EGFR function.
Results

EGFR Tyr phosphorylation
Previously, we (Schmidt-Ullrich et al., 1996) demonstrated that IR in the dose range of 1 ± 5 Gy stimulated EGFR Tyr phosphorylation 4twofold in MCF7 and A431 cells with maximal phosphorylation occuring 1 min after irradiation. This reaction was inhibited by the relatively non-speci®c Tyr kinase inhibitor, genistein. Figure 1 shows that as with MCF7 and A431 cells, IR at 2 Gy stimulated EGFR Tyr phosphorylation in the MDA-MB-231 MCC (n=10, 2 ± 5-fold; P50.01). This activation of EGFR in both MDA-MB-231 and A431 cells, as determined by Tyr phosphorylation, is blocked by 490% using tyrphostin AG1478 at concentrations of 100 nM and incubation for 410 min (Figure 1a, b; Todd, Mikkelsen, SchmidtUllrich et al., unpublished) . AG1478 dose response experiments demonstrate inhibition at concentrations between 1 and 100 nM with a 50% inhibition at 25 nM and no added eect beyond 100 nM. These concentrations of AG1478 are considerably less than the 2.5 mM used by other investigators with A431 cells (Osherov and Levitzki, 1994) . In contrast the tyrphostin AG879 even at 10 mM has no eect on basal or EGF-/IRinduced EGFR autophosphorylation in either cell line as previously reported with EGF-treated A431 cells (Osherov and Levitzki, 1994) . Based on these results, AG1478 was used as a tool to examine functional relationships between IR-and EGF-induced EGFR activation and the stimulation of downstream signaling eectors.
IR-induced IP 3 production
One immediate response to EGFR activation by ligand binding is stimulation of PLC activity with increased IP 3 production and, as a consequence, release of Ca 2+ from internal stores (Liang and Garrison, 1992 Figure 2 ) that is reduced to 1.5-fold of baseline by 5 min. While the data presented in Figure 2 was obtained with A431 cells, similar results have been generated with MDA-MB-231 cells (data not shown). With EGF at 2 ng/ml, a similar transient (4 ± 5-fold) increase in IP 3 is observed (Figure 2 ). In both the IR and EGF experiments, AG1478 completely inhibits the stimulation of IP 3 synthesis.
Dependence of IR-induced Ca 2+ oscillations on the activation of EGFR and PLC Figure 3 illustrates the typical response of cystolic free [Ca 2+ ] to exposure to IR at doses between 1 ± 4 Gy. The basal free [Ca 2+ ] of A431 cells ranges from 100 ± 150 nM and oscillations in cytosolic free [Ca 2+ ] are triggered in 470% of the cells by IR. The data shown for A431 cells (Figure 3 ) have also been observed for MDA-MB-231 MCC and HT-29 colon carcinoma cells (Todd and Mikkelsen, 1994) . These oscillations commence after a short lag period of 2 ± 4 min and are sustained for at least 40 min. The IR-induced oscillations are blocked by prior 5 min incubation with 140 nM thapsigargin, an inhibitor of the endoplasmic reticulum Ca 2+ -ATPase, or with 2.5 mM U73122, a relatively speci®c PLC inhibitor. The inactive analog, U73343, has no eect. These results suggest that oscillations are due to release of Ca 2+ from internal stores (Todd and Mikkelsen, 1994) . Pre-treatment of A431 cells with 100 ng/ml pertussis toxin for 4 ± 24 h also has no eect on the IR-induced Ca 2+ oscillations suggesting that activation of PLCg or PLC-b by a 
IR-induced activation of Raf-1 and MAPK
To investigate other potential downstream eectors of IR-induced EGFR, we assayed an upstream activator of MAPK, Raf-1, from A431 cells after irradiation with 2 Gy or treatment with 2 ng/ml EGF (Table 1) . IR causes a small, but signi®cant 1.5-fold activation of Raf-1, with maximal activation at 2 min in time course studies (Table 1) . This compares with a twofold increase in Raf-1 activity after EGF treatment. Pior incubation of cells with the intracellular Ca 2+ chelator, BAPTA-AM, blocks the ability of IR to activate Raf-1 (Table 1 ). This data suggests that elevations of cytosolic [Ca 2+ ] induced by IR and blocked by BAPTA-AM treatment were necessary for the activation of Raf-1 and the MAPK cascade. BAPTA-AM treatment did not block EGF stimulation of Raf-1 kinase activity. This may re¯ect additional Ca 2+ -independent mechanisms of Raf-1 activation initiated by binding of the natural ligand to EGFR.
As illustrated in Figure 4 , IR exposure of 2 Gy induces a transient activation of MAPK that is maximal between 2 and 4 min. The degree of activation varies between cell preparations, 2 ± 20-fold, with an average fourfold stimulation (n=33; P50.001). A comparable sixfold increase in activity was observed within 4 min of treating cells with 2 ± 10 ng/ml EGF (data not shown).
A functional relationship between the activation of MAPK and EGFR Tyr phosphorylation was established by using the EGFR kinase tyrphostin inhibitor, AG1478, and in studies with the PLC inhibitor, U73122, and intracellular Ca 2+ chelator, BAPTA. As demonstrated in Figure 4 , the MAPK baseline activity at 0 time is suppressed by 490% by a 30 min treatment with 100 nM AG1478. Similarly, the IRinduced twofold activation of MAPK is completely inhibited in the presence of 100 nM AG1478.
In keeping with the results obtained for Raf-1, equilibration of cells with BAPTA/AM completely blocked the IR-induced MAPK activity with no signi®cant change in MAPK activity of untreated cells. Incubation of cells with the PLC inhibitor, U73122, also inhibited IR stimulated MAPK activity. P-incorporation into (His) 6 -MEK1 catalyzed by Raf-1 was 5300+500 c.p.m. and 5500+700 c.p.m., respectively; *P>0.05; +time in min after exposure to IR/EGF At an identical concentration (2.5 mM), the inactive analog, U73343, was without eect. Thus, studies with a diverse range of inhibitors establish a linkage between EGFR activation by IR and a downstream signaling component of the mitogenesis/proliferation pathway.
IR-induced proliferation response
As a critical endpoint of the pathway of IR-induced cell proliferation we have employed a proliferation response assay previously described for A431 and 183A SCCs expressing dierent levels of EGFR (Kavanagh et al., 1995) . This assay uses the IR dose-dependent reversal of EGF-induced growth inhibition in autocrine growth regulated human SCC. As demonstrated in Figure 5 , the growth of A431 cells is inhibited by EGF, 1 ng/ml, to 29% of control. This inhibition is partially reversed in an IR-dose dependent manner after single IR exposures of 0.5 to 5 Gy. The IR-induced reversal of EGF-mediated growth inhibition is eliminated by pre-incubation of A431 cells with 100 nM AG1478 supporting the importance of IR-induced EGFR Tyr phosphorylation on the proliferation response described. As described before, the IR-induced proliferation response is most signi®cant in A431 cells expressing high levels of EGFR (Kavanagh et al., 1995) .
Discussion
We have demonstrated that IR in the therapeutic dose range increases EGFR Tyr phosphorylation irrespective of the levels of EGFR expression. This EGFR response can be experimentally linked to several critical components of mitogenic/proliferative signaling pathways (see Figure 6 for summary). The increased production of IP 3 following EGFR Tyr phosphorylation due to the activation of PLC represents one immediate downstream eector of EGFR activation. IP 3 -mediated release of Ca 2+ from internal stores and resulting increase in cytosolic free [Ca 2+ ] are essential for the activation of Raf-1 and MAPK, other critical components of the mitogenic/ proliferative response. The IR-induced rise in cytosolic free [Ca 2+ ] and activation of MAPK can be completely inhibited by AG1478 at concentrations that speci®cally inhibit EGFR Tyr phosphorylation. This suggests that these activation processes are functionally linked ( Figure 6 ).
The linkage between EGFR and PLC activation, in addition to the increased production of IP 3 , has been originally described in experiments with A431 SCC in which non-physiological concentrations of EGF resulted in an association between EGFR and PLCg as well as increased Tyr phosphorylation of PLC (Liang and Garrison, 1992) . The biological relevance of ®ndings obtained at high ligand concentrations is not entirely clear as Tyr phosphorylation is not required for PLCg activation but for its binding to SH2 domains of EGFR (Hernandez-Sotomayor and Carpenter, 1993; Yang et al., 1993) . Experiments in our laboratory on A431 SCC, using physiological concentrations 510 ng/ml of EGF or IR doses in the therapeutic dose range, do not yield increased binding between EGFR and PLCg as analysed by coimmunoprecipitation (Todd, Schmidt-Ullrich, Mikkel- (Yang et al., 1994) . Alternatively, other members of the erbB family, expressed at various levels in autocrine growth regulated human carcinoma cells, can be activated by heterodimerization with EGFR and may serve as docking sites for the immediate downstream eectors of activated EGFR .
The link between activation of receptor tyrosine kinases, such as EGFR, and activation of the Raf-1/ MAPK cascade has been extensively studied (Dent et al., 1995; Marais et al., 1995; Ghosh et al., 1996) and involves the stimulation of the small G-protein Ras through interaction with a guanine nucleotide exchange factor and subsequent recruitment of Raf-1 to the membrane, where it is activated. Raf-1 phosphorylates MKK 1 which, in turn, activates MAPK through phosphorylation on both Tyr and Thr residues. MAPK then modulates the DNA binding ability and the expression of transcription factors promoting mitogenesis and proliferation. Where Ca 2+ ®ts into this model is unclear, but other investigators (Lev et al., 1995; Zohn et al., 1995) have demonstrated that Ca 2+ -dependent activation of MAPK is a consequence of a speci®c Ca 2+ -dependent Tyr kinase that stimulates guanine nucleotide exchange activity.
In studying the IR-induced proliferation response, the eects of IR were compared to those of EGF since TGF-a/EGF represent the physiological ligands for EGFR and initiate a proliferation response under certain conditions (Chajry et al., 1994; Kamata et al., 1986; Kawamoto et al., 1983) . However, the eect of EGF on the proliferation of autocrine growthregulated carcinoma cells is complex and not completely understood (Masui et al., 1993; Sunada et al., 1990; Kern et al., 1994) . It does appear that the eect of EGF in promoting or inhibiting proliferation is a function of the level of EGFR expression (Kawamoto et al., 1983) . Cells with high EGFR levels, 410 6 receptors/cell, exhibit growth inhibition upon exposure to EGF at concentrations 41 ng/ml (Kavanagh et al., 1995) . It is important to note that the low doses of EGF used in the present study elicit similar downstream responses as IR with one exception; EGFR autophosphorylation is signi®cantly greater and more prolonged after stimulation with EGF (present study and Schmidt- Ullrich et al., 1996) . This may trigger additional downstream events, possibly more extensive or rapid receptor turnover, that can have a negative impact on proliferation.
The eects of IR on EGFR-induced growth inhibition corroborate the eect of IR on cell proliferation which is most impressively demonstrated in cells when their growth is inhibited by EGF as a result of receptor down-regulation/internalization (Sunada et al., 1990; Masui et al., 1993; Fan et al., 1994) . We have demonstrated that single exposures of IR in the 0.5 to 5 Gy dose range can counteract this growth inhibition by two possible mechanisms. IR can counteract the EGF eect by (a) activating EGFR to result in growth stimulation or (b) by inducing EGFR upregulation, within 24 h of IR exposure (SchmidtUllrich et al., 1994) , that may counteract the EGFinduced internalization/down-regulation of EGFR. As has been demonstrated by us and others (Kavanagh et al., 1995; Kawamoto et al., 1983) , the eect may be most prominent in cells expressing high levels of EGFR.
Human carcinoma cells, not lethally damaged by relatively low doses of IR, can furnish a proliferation response, presumably through activation of multiple signaling components. The results presented here demonstrate that IR-induced activation of EGFR through Tyr autophosphorylation represents one critical step in the activation of this proliferation response. Oscillating elevations of cytosolic [Ca 2+ ], dependent upon EGFR activation, represent another critical step (Lev et al., 1995; Zohn et al., 1995) . Current experimentation rests on the ability to inhibit activation of critical downstream eectors with speci®c inhibitors of EGFR Tyr phosphorylation.
Materials and methods
Reagents
Unless speci®ed otherwise all reagents were from Sigma Chemical Co. (St Louis, MO); U-73122 and U-73343 from ICN Pharmaceuticals Inc., Costa Mesa, CA; all electro- phoresis reagents from BioRad (Hercules, CA); thapsigargin, pertussis toxin, EGFR tyr kinase inhibitor tyrphostin AG1478 and the c-TRK tyr kinase inhibitor tyrphostin AG879 from Calbiochem (San Diego, CA); and fetal bovine serum (FBS) from Intergen (Purchase, NY).
The following immunological reagents were used: the immunoprecipitating anti(a)-EGFR monoclonal antibody (mAb), Ab5, the a-phospho-Tyr mAb, Ab2, and peroxidase-conjugated goat a-mouse and goat a-rabbit IgG from Oncogene Science (Cambridge, MA); for Western blotting a-EGFR rabbit polyclonal Ab and a-Raf-1 Ab, conjugated to agarose by the manufacturer, from Santa Cruz Biotechnology (Santa Cruz, CA). Other reagents included protein A agarose from Oncogene Science (Cambridge, MA) and the ECL detection system from Amersham Life Science (Buckinghamshire, UK). Protein preparations of (His) 6 -MEK1 were prepared using Ni 2+ -chelate chromatography as described (Dent et al., 1995) .
Cell culture
MDA-MB-231 MCC and A431 SCC were obtained from American Type Culture Collection (ATTC; Rockville, MD). All cell lines were maintained as monolayers at 378C in RPMI 1640 medium supplemented with 5% FBS and antibiotics (RPMI complete). Cells were tested monthly for mycoplasma contamination using the Mycoplasma Detection Kit from ATTC (Rockville, MD) and only cells negative for mycoplasma were utilized.
A standardized method of cell handling was developed to minimize variations in baseline EGFR Tyr phosphorylation between dierent cell preparations. Large stocks of frozen cells from similar low passages were maintained and cells were not used for experiments for more than 60 days of continuous culture because of drifting of their response properties. For the quantitation of IR-induced activation of signal transduction components, cells at 70 ± 90% con¯uence were replated at a density of 1.3610 4 , and 3.5610 4 cells/cm 2 for MDA-MB-231 and A431 cells, respectively. Cells were cultured for 5 days with the medium changed to 0.5% FCS for the last 24 h prior to IR treatment. This protocol produced relatively low baseline levels of EGFR autophosphorylation.
IR treatments
Cell cultures were irradiated with doses between 0.5 and 5 Gy at a dose rate of 1.8 Gy/min using a 60 Co source. During experimental handling cells were maintained at 378C throughout the experiment except during the IR exposure itself which was performed at 208C. Time course experiments were measured after the completion of irradiation and responses were disrupted by either rapid removal of the media followed by snap-freezing on dry ice or by rinsing cells in ice-cold phosphate-buered saline (PBS). For measurements of cytosolic [Ca 2+ ], cells were irradiated with a 90 Sr source, mounted on the condensing lens holder of a Nikon inverted microscope, at a dose rate of approximately 6 Gy/min (Todd and Mikkelsen, 1994) .
EGFR Tyr phosphorylation
The IR-induced EGFR Tyr phosphorylation was determined after exposures of 2 Gy and examined relative to the eects of the natural ligand, EGF, at concentrations between 1 and 10 ng/ml. The immune precipitation of EGFR was as described before (Schmidt-Ullrich et al., 1996) . Brie¯y, cells grown in 15 cm plates were rinsed with ice-cold PBS and solubilized in 1 ml lysis buer consisting of 50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM Na-orthovanadate, and leupeptin and aprotinin at 50 mg/ml each. Cell lysis was facilitated by passing the cells through a 25 gauge needle followed by centrifugation at 16K6g for 15 min at 48C. Equivalent amounts of protein, quanti®ed by the BCA Protein Assay (Pierce Chemical Co., Rockford, IL), were reacted with Ab5 for 90 min at 48C followed by an additional incubation for 40 min with protein A-agarose. After washing, proteins were released from the beads by boiling for 5 min in Laemmeli SDS sample buer and size fractionated by 5.5% SDS ± PAGE (Schmidt-Ullrich et al., 1996) . Proteins were electrophoretically transferred onto nitrocellulose membranes and probed with a-phosphotyrosine or a-EGFR mAbs, followed by reactions with peroxidase-conjugated secondary Abs. After detection by chemiluminescence, autoradiograms were quanti®ed using Sigma Scan software (Jandel Scienti®c, San Rafael, CA). The activation of EGFR was speci®cally inhibited by tyrphostin AG1478 at 1 ± 100 nM concentration and incubation times up to 60 min (Fry et al., 1994) . As previously reported with A431 cells (Osherov and Levitzki, 1994) , controls with another tyrphostin, AG879, at a 100-fold higher concentration of 10 mM, had no eect on EGFR autophosphorylation.
IP 3 measurements by radioreceptor assay Cells were grown in 6 cm dishes as described above. At designated times after IR or EGF exposures, the medium was removed by aspiration and the cells snap frozen on dry ice. IP 3 production was determined after extraction with ice-cold 40% trichloroacetic acid (TCA) according to instructions for the radioreceptor assay kit from Dupont/NEN (Boston, MA). Measurements were normalized to protein in the TCA pellet after solublization in NaOH.
Ca
2+ measurements For the quantitation of cytosolic free [Ca 2+ ], A431 cells were loaded with the¯uorescent, Ca 2+ sensitive dye, fura-2, as previously described (Todd and Mikkelsen, 1994) . Single cell Ca 2+ measurements were made at 208C on a minimum of 50 cells using digitized video-intensi®ed¯uorescence microscopy.
Raf-1 immunoprecipitation and assay Con¯uent cells in 100 mm dishes were treated with or without 5 mM BAPTA-AM for 45 min prior to IR exposure. After irradiation of 2 Gy, the medium was removed and cells were snap-frozen in situ on dry ice. Cells were lysed by the addition of ice-cold homogenization buer (Dent et al., 1995) , consisting of 25 mM Na-b-glycerophosphate, pH 7.4/5 mM EDTA, 5 mM EGTA, 5 mM benzamidine, 1 mM phenylmethyl sulphonyl¯uoride, 1 mg/ml soybean trypsin inhibitor, 40 mg/ml pepstatin A, 40 mg/ml chymotrypsinogen, 40 mg/ml E64, 40 mg/ml aprotinin, 1 mM Microcystin-LR, 0.5 mM Na-orthovanadate, 0.5 mM Napyrophosphate, 0.05% (w/v) Na-deoxycholate, 1% (v/v) Triton X100, 0.1% (v/v) 2-mercaptoethanol, with trituration to lyse the cells. Homogenates were handled at 48C and centrifuged at 14K6g for 5 min. Clari®ed homogenates were mixed with agarose-conjugated anti-Raf-1 Ab using gentle agitation at 48C for 2.5 h. Agarose was recovered by centrifugation and the immunoprecipitates washed twice for 10 min each in 0.5 ml homogenization buer, PBS and ®nally in 25 mM HEPES, pH 7.4, 15 mM MgCl 2 , 0.1 mM sodium orthovanadate, 0.1% (v/v) 2-mercaptoethanol (Dent et al., 1995) .
Assays for Raf-1 activity were primarily performed using 32 P-incorporation into (His) 6 -MEK1 (Dent et al., 1995) . In some assays, to determine that phosphorylation of (His) 6 -MEK1 by Raf-1 in the immunoprecipitate was functional for (His) 6 -MEK1 activation, coupled assays were performed measuring (His) 6 -MEK1 stimulated activity versus the kinase-inactive K52R MAPK as described (Dent et al., 1995;  no dierence was observed between the two assay methods for Raf-1 activity).
32
P-incorporation in (His) 6 -MEK1 or K52R MAPK protein bands after SDS ± PAGE was quanti®ed by liquid scintillation spectroscopy.
MAPK assay MAPK activity was assayed using the peptide phosphorylation assay kit from Amersham Life Science (Arlington Heights, IL). The assay utilized as substrate a peptide containing a single phosphorylation site corresponding to the MAPK phosphorylation consensus sequence, Pro-Leu-Thr-Pro, found in EGFR at Thr 660 . This consensus sequence is also recognized by the CDC2 kinase. Control experiments with a CDC2 kinase speci®c peptide (provided in the kit) indicated no IR-induced phosphorylation of that peptide.
Cells were grown in 6 cm dishes in complete RPMI as described above. At speci®ed times after IR exposure, cells were washed thrice in ice-cold PBS and lysed in 0.4 ml of 15 mM NaCl, 2 mM EGTA, 1 mM Na-orthovanadate, 2 mM dithiothreitol/0.5% (v/v) NP40, 1 mM PMSF, and leupeptin and aprotinin at 50 mg/ml each. After centrifugation of the cell lysate at 16K6g for 15 min, 15 ml aliquots were used for the assay. MAPK activity was determined as the amount of 32 P-incorporation into the peptide minus background incorporation without the peptide (525% of total 32 Pincorporation).
IR-induced proliferation assay
The IR-induced proliferation responses of A431 cells was assayed as established previously (Kavanagh et al., 1995) . A431 cells were seeded in complete medium at a density of 800 cells/well in 96-well microtiter plates 4 days prior to the IR exposure. Cells were maintained in medium alone or with medium supplemented with 1 ng/ml of EGF to inhibit cell growth. At the time of exponential growth, cells were irradiated at doses between 0.5 and 5 Gy. After 24 h, the cells were reexposed to EGF at 1 ng/ml, or no EGF as controls, and maintained without additional feeding for 6 days at which time cell proliferation was assessed using the MTT (3-(4,5-dimethylthiazol-2-yl)2,5 diphenyltetrazolium bromide) assay (Carmichael et al., 1987) . The eects of EGFR activation on the proliferation response were determined by preincubation of cells with the EGFR inhibitor tyrophostin AG1478, 100 nM, 60 min prior to IR exposures.
Statistical analysis All experiments were performed at least in triplicate. Statistical analyses were performed by student's t-test.
